Abstract. As a new member of the space-based radio occultation sounders, the GNOS (Global Navigation Satellite System Occultation Sounder) mounted on Fengyun-3C (FY-3C) has been carrying out atmospheric sounding since 23 September 2013. GNOS takes approximately 800 daily measurements using GPS (Global Positioning System) and Chinese BDS (BeiDou navigation satellite) signals. In this work, the atmospheric refractivity profiles from GNOS were compared with the ones obtained from the co-located ECMWF (European Centre for Medium-Range Weather Forecasts) reanalysis. The mean bias of the refractivity obtained through GNOS GPS (BDS) was found to be approximately − 0.09 % (−0.04 %) from the near surface to up to 46 km. While the average standard deviation was approximately 1.81 % (1.26 %), it was as low as 0.75 % (0.53 %) in the range of 5-25 km, where best sounding results are usually achieved. Further, COSMIC (Constellation Observing System for Meteorology, Ionosphere and Climate) and MetOp/ GRAS (GNSS Receiver for Atmospheric Sounding) radio occultation data were compared with the ECMWF reanalysis; the results thus obtained could be used as reference data for GNOS. Our results showed that GNOS/FY-3C meets the design requirements in terms of accuracy and precision of the sounder. It possesses a sounding capability similar to COSMIC and MetOp/GRAS in the vertical range of 0-30 km, though it needs further improvement above 30 km. Overall, it provides a new data source for the global numerical weather prediction (NWP) community.
al., 2000; Anthes, 2011; Steiner et al., 2011) . The RO profiles are used for space weather monitoring as well (Yue et al., 2010) . Considering the high profitability of the RO data, China has been developing space-based RO technology since the 2000s . The first satellite-based RO instrument named GNOS (Global Navigation Satellite System Occultation Sounder) was launched on 23 September 2013 and mounted on the Chinese polar orbiting meteorological satellite Fengyun-3C (FY-3C) (Bai et al., 2014) .
A lot of work has been done to demonstrate the accuracy of the RO data obtained from several missions (Kursinski et al., 1996; Rocken et al., 1997; Hajj et al., 2002 Hajj et al., , 2004 Poli et al., 2003; Schreiner et al., 2011) . Kuo et al. (2005) pointed out that the RO data at altitudes of 5-25 km show the highest accuracy; they are able to statistically differentiate various types of radiosondes. In addition, owing to its high accuracy and long-term stability, the RO data can be used as a reference to assess the performances of the current radiosondes (He et al., 2009; Ladstädter et al., 2015) . Schreiner et al. (2007) evaluated the precision of the refractivity data from the COSMIC/FORMOSAT-3 mission. His work showed that the root-mean-square difference is less than 0.2 % within an altitude range of 10-20 km. Using the pre-launch proxy data, Bi et al. (2012) investigated the possible accuracy of the refractivity profiles from GNOS. The results from their simulations showed the refractivity profiles from the GNOS occultation to be highly accurate in the troposphere and lower stratosphere. A mountain-based experiment was also carried out to validate the performance of GNOS before launch. The experiment also showed that the refractivity profiles obtained by GNOS to be consistent with those from the radiosondes (Bai et al., 2014) .
As a brand new member of the space-based RO sounder family, the post-launch performance of GNOS is critical to the user community. Therefore, this study focuses on the validation of the neutral refractivity data from the GNOS measurements. GNOS is a multi-GNSS receiver that can carry out RO measurements from both GPS and Chinese BDS signals. While both the GPS and Chinese BDS have been selected as the operational systems for RO-based measurements, the GNOS BDS products are still currently under evaluation and are not being used in the operational stream. However, for the purpose of comparison, both GNOS-GPS and GNOS-BDS refractivity profiles are validated with the co-located ECMWF reanalysis in this work. The rest of the paper is structured as follows: Sect. 2 briefly describes the processes of GNOS; Sect. 3 introduces the data and method used for the comparative analysis; Sect. 4 presents the results of validation; and finally Sect. 5 summarises the findings of this study.
Overview of GNOS data
Fengyun 3 (FY-3) is a second-generation polar orbiting satellite in the Chinese meteorological series. The first two satellites of the FY-3 series, i.e., FY-3A and FY-3B, are considered as research and development missions. Therefore, FY-3C is practically the first operational satellite from the FY-3 series . GNOS is the first RO instrument on-board the Chinese FY-3C meteorological satellite, operated by the National Satellite Meteorological Center (NSMC) of the China Meteorological Administration (CMA). According to the Chinese Fengyun satellite programme, GNOS will be mounted on FY-3D and the satellites following it. GNOS in the FY-3 series is expected to provide RO measurements continuously at least until 2030.
As a multi-GNSS receiver, GNOS has the ability of tracking up to eight GPS satellites and four BDS satellites for precise orbit determination (POD). In addition, it has velocity and anti-velocity antennas for simultaneously tracking at most six and four occultations from GPS and BDS, respectively. Because of the presence of two antennas in opposite directions, both the rising and setting occultations can be retrieved. Further information on the GNOS instrument specifications can be obtained from Bai et al. (2014) .
Data processing
This section briefly describes the operational procedure for obtaining GNOS RO products for the ground segment. The procedure mainly involves five steps, from obtaining raw GNOS data to retrieving atmospheric parameters.
Data preparation
The raw observations from GNOS consist of phase and SNR (signal to noise ratio) measurements. In addition, auxiliary information provided by the IGS (International GNSS Service), such as the GPS/BDS precise orbits, clock files, Earth orientation parameters, and the coordinates and measurements of the ground stations, are also needed. The IGS ultra rapid orbit products with an approximate accuracy of 10 cm in orbit are chosen for near-real-time operational use.
Precise orbit determination
Highly accurate measurements by the GNSS and LEO satellites in terms of time and position are the key to the successful retrieval of an occultation event. Based on the measurements of pseudo range and carrier phase as well as the attitude information of the GNOS POD antenna, the GNSS clock offsets, precise orbit information, and Earth orientation parameters, LEO POD can be conducted by integrating the equations of celestial motion (Beutler, 2005) using the Bernese software v5.0 (Dach et al., 2007) . Finally, precise orbit products with an orbit accuracy of up to 20 cm can be produced in near-real time.
Excess phase calculation
In the processing of GNOS data, the single difference technique is applied to obtain the excess phase as a function of time in an Earth-centred inertial reference frame. When GNOS receives signals from an occulting GNSS satellite, it also receives signals from a reference GNSS satellite at the same time. With such a reference observation mode, clock errors from the receiver can be removed (Schreiner et al., 2010) . It should be noted that while BDS also uses the single difference technique currently, it produces fewer occultation events than GPS on a daily basis because of fewer reference satellites. In theory, under the condition of fewer reference satellites, a zero difference technique should be more appropriate for BDS since it does not require a reference satellite for simultaneous observations but requires an ultra-stable oscillator on an LEO receiver (Beyerle et al., 2005) .
Atmospheric parameter retrieval
The Radio Occultation Processing Package (ROPP) software (V6.0) developed at ROM SAF (Radio Occultation Meteorology Satellite Application Facility) is used to determine different kinds of atmospheric parameters (Offiler, 2008) .
Under the assumption of local spherical symmetry, the bending angles are defined as the transmitted and received ray angles. As a function of impact parameters, the bending angles are determined from the Doppler frequency shift, spacecraft position, and spacecraft velocity measurements (Kursinski et al., 1997) . The geometric optics (GO) approximation is assumed with a sufficient accuracy above 25 km, where single-path rays propagate through the atmosphere. The GO retrieval of bending angle uses the standard geometric relationship of GNSS and LEO. However, in the lower and middle troposphere, there are obvious and complicated multipath effects (Sokolovskiy et al., 2003) . Therefore, wave optics (also referred to as the canonical transform (CT2) algorithm) retrievals developed by Gorbunov and Lauritsen (2004) are applied below an altitude of 25 km (Gorbunov et al., 2011) .
In order to obtain neutral atmospheric parameters, the ionospheric contribution must be removed. The first step in the process is the deviation of ionosphere-free bending angle. In the L band, the refractivity of the ionosphere is proportional to the inverse square of the frequency, whereas the refractivity of neutral atmosphere is largely independent of frequencies. Thus, a simple dual-frequency linear combination can mostly correct for the first-order ionospheric contribution (Vorob'ev and Krasil'nikova, 1994) . This can be done using two frequencies (f 1 , f 2 ) and the corresponding bending angles (α 1 , α 2 ), as a function of impact parameter (a) (Eq. 1). However, some ionospheric noise still remains (Kursinski et al., 1997) . Therefore, to reduce the ionospheric residual noises, the statistical optimisation technique devised by Gorbunov (2002) is used together with the MSISE-90 climatology model (Hedin, 1991) . The optimal linear combination is expressed as a matrix equation to compute the neutral atmospheric bending angle and the ionospheric bending angle.
After ionospheric correction, under the same assumption of local spherical symmetry, the refractive index n(r) and the bending angle are linked with an integral formulation. Abel inversion is applied to derive the refractive index n(r) for a given corrected bending angle α(a), as shown in Eq. (2) (Fjeldbo et al., 1971; Melbourne et al., 1994; Kursinski et al., 1997) , and then, refractivity N can be obtained from the refractive index n (Eq. 3).
Because of the ambiguity regarding dryness and moisture content in the lower troposphere, temperature and humidity profiles cannot be interpreted simultaneously from refractivity (Poli et al., 2002) . Therefore, one-dimensional variational (1-D-Var) analysis, combined with the outputs of the T639L60 global forecast model, is used to retrieve temperature and humidity profiles. T639L60 is a global mediumrange weather forecast system of China, which became operational at CMA in 2009. 
Quality control
From obtaining raw data to the retrieval of atmospheric parameters, several simple quality controls are applied at each stage through the process. If the occultation time is less than 30 s or the SNR smaller than 40, the occultation profile will be rejected; if the lowest tangent height of L2 frequency does not reach below 20 km, the occultation profile will be flagged; data are cut off where the estimated bending angle exceeds 0.06 rad at an impact height above −2 km and where the straight-line tangent height is above −250 km; at the temperature retrieval stage, if the absolute temperature difference from the analysis is greater than 10 K, the profile is not produced. Figure 1a and b show the daily number of occultations from raw data measurements to temperature profiles after passing through the correspondent stages of quality control for GNOS GPS and GNOS BDS. From the stage of raw data observations to the calculation of excess phase, ∼ 10 % (∼ 13 %) GNOS GPS (BDS) observations are excluded. After the second stage of quality control, another ∼ 5 % (∼ 11 %) GNOS GPS (BDS) observations are excluded. Approximately 7 % (∼ 6 %) GNOS GPS (BDS) are rejected during the process of refractivity to temperature retrieval.
Differences between GNOS GPS RO and BDS RO
Using the process mentioned above, GNOS GPS and GNOS BDS products are generated in a similar manner. Nevertheless, some slight differences exist since open-loop tracking has not yet been implemented for BDS B1 signals. Thus, processing of open-loop tracking data is not required for B1 signals at present. However, GPS L1 operates based on openloop tracking at sampling rates of 100 Hz below 10 km (Bai et al., 2014) . The other difference is that the frequencies of B1 and B2 are both modulated by quadrature phase-shift keying (China Satellite Navigation Office, 2013), unlike GPS L2, which is modulated by a pseudo-random precision ranging code (P code) for anti-spoofing purposes (Spilker, 1978) . GNOS, as a classified receiver of BDS, has knowledge of the encryption code and can recover the full signal. Therefore, with respect to GNOS, demodulation of B2 is simpler than L2. Other than the processing differences between GPS RO and BDS RO, there are differences in the distribution of occultations spots as well; these are caused by different orbit implementations of BDS.
The regional Beidou constellation is deployed at three different orbit heights. Including the four recently launched satellites in 2015, 18 satellites have so far been made operational, including six MEO (medium Earth orbit, 21 528 km), seven IGSO (inclined geosynchronous stationary Earth orbit, 35 786 km) and five GEO (geosynchronous orbit, 35 786 km) satellites. In view of the inclinations and sub-satellite tracks, the BDS MEO satellites are similar to those of GPS. The GEOs are situated over the equator and the sub-satellite track of IGSOs is in the shape of the number "8" over the Asia region (Wang et al., 2013) . This design results in a unique distribution of BDS RO. As shown in Fig. 2 , two circles with a few occultations are located at 110 • E and 60 • W on the equator, while a greater number of observations are concentrated on the northern and southern edges of the circles. These kinds of distributions are caused by the IGSOs. In the polar regions, the observations are distributed as arcs because of the GEOs. The rest of the information comes from the MEOs, which acquire a distribution similar to those of GPS and are evenly spread. Therefore, when BDS RO measurements are conducted under specific geometrical conditions, the observations obtained are uneven, while those from GPS RO distribute mostly evenly (Fig. 3) .
In addition to these differences, the penetration depths of BDS RO are also markedly higher than GPS RO, which is attributable to the absence of open-loop implementation for B1 signals. Open-loop tracking is aimed at detecting any sig- nificant fluctuations in RO signals, after they pass through the moist lower troposphere, without the use of feedback between the received signal and the phase model. It could reduce errors and loss of lock, which cannot be achieved through a closed-loop method (Sokolovskiy et al., 2001) . With open-loop tracking capability, the ability to probe deeper into the lower troposphere has been improved 
Data and method for validation

Data
The RO refractivity profiles used in this work were obtained from three types of RO missions. The first is the GNOS, containing GNOS GPS RO and BDS RO profiles, whose RO data needed to be validated. Specifically, GNOS GPS RO refractivity profiles were obtained from the operational stream, while those of GNOS BDS RO were obtained from the experimental system, as the system has not yet become operational.
The second type of data was obtained from the COS-MIC mission. COSMIC/Formosa satellite 3 is a constellation made up of six micro-satellites, with each one carrying a RO receiver located in a low Earth orbit (Anthes et al., 2008) . The number of daily profiles ranges from 1500 to 2000 with a global distribution. To compare with GNOS RO data, profiles from receiver no. 1 of COSMIC are selected. The COSMIC data are obtained from CDAAC (COSMIC Data Analysis and Archive Center, NCAR, Boulder, USA). The "atmPrf" data set of COSMIC 2013, a new data set obtained through the reprocessing of COSMIC radio occultation data performed at CDAAC, is used for comparison and referred to as COSMIC (http://cdaac-www.cosmic.ucar.edu/ cdaac/products.html).
The third type of refractivity profile used in this study was obtained through MetOp/GRAS. The latter is a joint RO mission that has been conducted by EUMETSAT (European Organization for the Exploitation of Meteorological Satellites) and ESA (European Space Agency) since 2006 . CDAAC processes the data from MetOp/GRAS using the same processing package as COS-MIC. Therefore, MetOp/GRAS RO data can be obtained from the CDAAC stream. The reason for selecting COS-MIC and MetOp/GRAS data is that they can be taken as benchmarks for GNOS; they employ RO sounders similar to GNOS, are currently operated in orbits, and have the ability to produce stable and high accuracy data.
The data from the ERA-Interim reanalysis are considered as a reference. ERA-Interim is the latest global atmospheric reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011) , hereafter called ECMWF reanalysis. Because obtaining data is inconvenient, a pressure-level grid data set is used, whose spatial resolution is approximately 80 km (T255 spectral) on 37 standard pressure levels from 1000 to 1 hPa (http://apps.ecmwf.int/datasets/data/interim-full-daily/ levtype=pl). For future work, it would be preferable to use ERA-Interim full vertical resolution products.
The data used here are from the same time ranges; more specifications listed in Table 2 summarise the data period and the number of profiles used for the analysis.
Method
To draw a comparison, RO profiles and ECMWF reanalysis must be collated. First is the spatial match. The ECMWF reanalysis and RO profiles are matched within a ±3 h time interval. The temperature, water vapour pressure, and pressure profiles of the ECMWF reanalysis with a horizontal resolution of 0.75 × 0.75 degree are bilinearly interpolated to the location of RO. Then, using the parameters of temperature (T ), water vapour partial pressure (e), and air pressure (P ), ECMWF reanalysis profiles are calculated into refractivity (N) using the formula Eq. (4) without the ionospheric effects (Kursinski et al., 1997; Rocken et al., 1997) . Thirdly, both the forward-modelled refractivity and the observational refractivity use the vertical logarithmic interpolation at the same altitude with 200 m intervals from 0 to 46 km. Thus, the relative difference of refractivity in terms of percentage δN is computed from the profiles that were prepared for demonstrating the relative error between ECMWF reanalysis and RO profiles (Eq. 5).
In total, there are four pairs of ECMWF reanalysis and RO profiles in terms of refractivity: GNOS GPS to ECMWF reanalysis pairs, GNOS BDS to ECMWF reanalysis pairs, COSMIC to ECMWF reanalysis pairs, and MetOp/GRAS to ECMWF reanalysis pairs.
The ensemble mean difference and the standard deviation of the differences at each altitude for each pair can be obtained. In addition to the quality controls at different stages of processes, extra ones are applied during the statistical processes. A profile is rejected if fractional refractivity greater than 0.1 occurs at more than 20 % levels in the profile. Besides, the outliers on a specific level are then excluded if they exceed the 3σ from a statistical point of view. Generally, COSMIC and MetOp/GRAS experience a slightly smaller rate of rejected data as compared with GNOS. Figure 4 shows the result of the statistical comparison between GNOS GPS and ECMWF reanalysis. It shows that the mean refractivity difference in units of the percentage amount is very close to zero, exhibiting good agreement with the ECMWF reanalysis and reconfirming the bias-free characteristic of the GPS radio occultation technique. Below the height of 2 km, the mean relative difference of refractivity demonstrates a slight negative bias of ∼ 1 %, which is related to the multipath effect due to atmospheric humidity causing strong refractivity gradients (Sokolovskiy et al., 2003 (Sokolovskiy et al., , 2009 . From 5 to 25 km, little bias is shown, about −0.09 %, reflecting a good performance. As for standard deviation, the highest precision is from 5 to 25 km, smaller than 1 %. This is consistent with the results of previous validations for RO data von Engeln et al., 2009; Scherllin-Pirscher et al., 2011) . Up to the height of 35 km, the standard deviation is still within 2 %, whereas above 35 km, the standard deviation starts to increase with height. This can be attributed to either the reanalysis or the occultation observations. Mainly, as for the occultation, uncalibrated ionospheric effects are a type of error source, and the use of supplementary data for noise reduction through an optimisation procedure also introduces errors . Figure 5 demonstrates the result of GNOS BDS. The mean deviation in the altitude range of 0-46 km is approximately −0.04 %, which shows less negatively than GNOS GPS. The vertical averaged standard deviation is about 1.26 %. In the core region of 5-25 km, the standard deviation tends to be about 0.53 %. In the lower troposphere, GNOS BDS exhibits a straight curve in terms of standard deviation, except a sharp shift at the lowest level. Nevertheless, it should be noted that the good performance of BDS below 5 km may be an illusory phenomenon, and that may have something to do with the sampling issues. As seen in Fig. 2 , the distributions of GNOS BDS RO account for few proportions in the tropical lower troposphere, where most difficult conditions are encountered by RO due to a high amount of water vapour, causing a strong gradient. With fewer samples, GNOS BDS distributions mostly show the result of extra tropics and exhibit a smaller standard deviation.
Validation results and discussions
Comparison of GNOS refractivity profiles with ECMWF, MetOp/GRAS, and COSMIC
GNOS vs. ECMWF
GNOS, COSMIC, and MetOp/GRAS vs. ECMWF
In order to better evaluate the performance of GNOS, the COSMIC and MetOp/GRAS RO data, taken as a benchmark to GNOS, are also compared with ECMWF reanalysis. Figure 6 provides the mean and standard deviation of the four types of RO profiles to ECMWF reanalysis. The magnitudes of the corresponding comparison of Fig. 6 are presented in Table 3 . Because the reanalysis data are not absolutely perfect either, the bias and standard deviation between RO profiles and ECMWF reanalysis may have come from both of them. However, the errors in the reanalysis are not the main focus of this section. ECMWF reanalysis is used as a platform for the comparison of different RO profiles. From the near surface to 40 km, the curves of mean bias vs. altitude coincide very well, showing that GNOS including GPS RO and BDS RO is similar to MetOp/GRAS and COSMIC in terms of mean bias. With regard to the standard deviation, the GNOS, COSMIC, and MetOp/GRAS are consistent below 30 km. The magnitudes of GNOS GPS and GNOS BDS are both within 2 % up to 35 km. As reported in prior studies, the RO data spreads from the middle troposphere to the lower stratosphere are most accurate (Kuo et al., 2005) . Optimistically, at that vertical range, GNOS shows the highest precision and consistency with respect to the performance of COSMIC and MetOp/GRAS. However, at higher altitudes, we noticed that the standard deviation of GNOS starts to deviate from MetOp/GRAS and COSMIC at about 30 km. Relatively, GNOS BDS shows smaller deviation than GNOS GPS.
Although the source of the difference cannot be completely determined from this result, multiple factors may be assumed to contribute to it. This difference can first be elaborated in terms of different retrieval processes (note that the retrieval processes not only include the ROPP processing, but also the Level 1 processing, which means the processing from the raw data observations to the excess phase). COSMIC and MetOp/GRAS refractivity products are from the CDACC. The data-processing algorithm and initial data set for COSMIC and MetOp/GRAS are in the same baseline, whereas this is not the case for GNOS. For example, in order to save time, we only use 20 ground stations for the calculation of the GPS clock offset, and the POD was computed based on 6 h data arcs; but COSMIC uses at least 32 stations and is based on 6-12 h data arcs. Generally, when more stations data are used, the data arcs are computed for longer, and the accuracy of retrievals is higher. This is one important aspect where GNOS data processing should be improved. The other difference is that the data of GNOS are currently obtained from the NRT stream, and the POD is conducted with ultra-rapid IGS orbit products. COSMIC and MetOp/GRAS from CDAAC are post-processed with higher precision. GNOS presents larger standard deviations above 30 km, which are likely caused by the data processing as well, probably indicating that less smoothing is used in GNOS. Besides, data dependency exists. It is known that the COSMIC and MetOp/GRAS RO data have been assimi-lated into the ECMWF reanalysis model (Poli et at., 2010) . Therefore, GNOS and ECMWF reanalysis are completely independent; if any difference exists, it might be greater than MetOp/GRAS and COSMIC under certain conditions.
Apart from the factors mentioned, residual ionospheric errors may also be dominant above 30 km, which can be inferred from the difference between GNOS GPS and BDS. According to the basic theory, a combination of two frequency measurements forms the basis for separating atmospheric and ionospheric contributions to the bending angle, and in turn the refractivity (Kursinski et al., 1997) . As mentioned in Sect. 2, the frequencies of B1 and B2 are modulated using a coarse code, and GNOS, as a classified receiver, has knowledge of the encryption code and can recover the full signal. However, GPS L2 is modulated by a pseudorandom precision ranging code (P code) for the purpose of anti-spoofing. Although GPS L2 can be demodulated using the semi-codeless method, it will be at the expense of SNR and precision, and will probably further lower the efficiency of ionospheric correction when combining the L1 and L2 frequencies (Kursinski et al., 1997) . Therefore, it could be said that there are probably some residual errors in the process of GPS L2 frequency signal received by GNOS, resulting in the difference of GNOS GPS and BDS above 30 km.
Comparison of GNOS raw bending angle profiles with MetOp/GRAS and COSMIC
A comparison of the bending angle was conducted to ascertain whether errors also occur at the level of the bending angle, and this part briefly examines the raw bending angles from GNOS GPS after combining L1 and L2 frequencies, but before the process of statistical optimisation. (Note that the reason for not including the data of GNOS BDS is that GNOS GPS and BDS could be expected to show similar features, but it will be interesting to probe the details in future work.) Firstly, COSMIC and MetOp/GRAS are selected as benchmarks that are directly compared with GNOS GPS without ECMWF reanalysis. Hajj et al. (2004) proposed a close proximity comparison for coincident occultations of CHAMP and SAC-C under the condition that the time is within 1/2 and the distance is 200 km. For more data samples, we limit the time to within 3 h and the distance less than 200 km. The distance is defined as the distance of tangent heights between two occultations at 30 km (this means that the distance of some point pairs may be larger than 200 km). For the period from 1 November to 31 December 2013, there were 17 509 GNOS GPS, 32 588 MetOp/GRAS, and 22 821 COS-MIC occultations to build 1654 GNOS-MetOp/GRAS coincident pairs and 2886 GNOS-COSMIC pairs. It should be noted that although the pairs are restricted to a limited time and space, their comparisons are restricted to different viewing geometries, resulting in different atmospheric and ionospheric propagation. Figure 7 shows the mean and standard deviations of the bending angles in terms of the percentage for the two pairs. The features of standard deviation changing with respect to altitude are similar with the mean bias. The best fit between GNOS, COSMIC, and MetOp/GRAS, in terms of mean bias, occurs at the vertical range of 7-25 km. Some relatively obvious positive and negative deviations exist below 7 km and above 25 km, respectively, where the SNRs are lower. This kind of comparison of coincident RO profiles does not include the impact of ECMWF reanalysis. Hence, no data dependency contributes to the discrepancy. Apart from the retrieval processing factors mentioned in Sect. 4.1.2, is there any possibility that observational noise from the instrument may also contribute to the deviation? Figure 8 is the histogram distribution of standard deviation noise of bending angle between 60 and 80 km heights for GNOS GPS from November to December 2013. The histogram is unimodal with a maximum at ∼ 1 µrad, and it shows a long "tail" distribution. As the long tail contributes significantly to the mean of standard deviation, the samples with SD greater than 10 µrad are removed by considering them as outliers. This results in ∼ 78 % processed samples and a mean SD of 2.29 µrad. Figure 8 can be compared with Figs. 13 and 14 of Schreiner et al. (2011) . If the effects of data periods' discrepancy are neglected, the distribution of SD for GNOS GPS is similar to Fig. 14 of , but with a longer tail and a larger mean SD. This may demonstrate some connection with the stability of observations. Above the altitude of ∼ 30 km, the SNR of RO signal gets smaller with an increase in height, and challenges the sounders. Compared with ±55 • of MetOp/GRAS, the occultation antenna gain of GNOS in azimuth is approximately 10 dBi in the range of ±35 • (Bai et al., 2014) . This probably results in lower SNRs for GNOS, especially in the weak signal region. Therefore, the observational noise may also partly contribute to the errors of GNOS at higher altitude. 
Performance in lower troposphere with and without open-loop tracking
An occultation event occurs when a GNSS satellite rises or sets and the ray path from the GNSS transmitter traverses the Earth's atmosphere (Kursinski et al., 1997) . Tracking rising occultation was once a challenge, as it starts from the lower troposphere with a low SNR . After the openloop tracking was implemented, the tracking ability for rising occultation is much improved . We know that GNOS uses the technique of open-loop tracking for GPS, but this is not yet implemented for BDS. In this section, the performances of GNOS in the troposphere with and without open-loop tracking are examined. Figure 9 shows the refractivity deviation of GNOS GPS and GNOS BDS with respect to the ECMWF reanalysis for the rising and setting occultations in the troposphere. From the statistical results of the rising and setting occultations of GNOS GPS, the standard deviation of the rising and setting differs up to ∼ 0.5 %. The small positive bias between 2 and 6 km in the setting occultations is identical to the result of Zus et al. (2011) , which used the MetOp/GRAS refractivity and ECMWF reanalysis. As for GNOS BDS, the penetration depths of the rising and setting occultations are both higher than the depths of GNOS GPS, especially in the rising occultation, whose valid height completely stops at ∼ 3 km. Further, the biases of the rising and setting occultations are both larger than the GPS bias below 5 km. These can be mainly attributed to the non-implementation of open-loop tracking for GNOS BDS. This demonstrates that the open-loop tracking technique can strongly improve the ability to track the signal into the lower troposphere (Gorbunov et al., 2011) . Clearly, the open-loop tracking for GNOS BDS is essential and will be implemented in the next generations of FY-3. 
Performance in different latitudes
In this part, GNOS GPS occultations are separated into different latitude bands: the Northern Hemisphere (30-90 • N), the tropics (30 • N-30 • S), and the Southern Hemisphere (30-90 • S). Based on the orbital characteristics of BDS, shown in Fig. 2 , its spatial distributions are not as uniform as GPS RO. Most of the occultations take place around the eastern Hemisphere and leave "holes" at the tropics. Therefore, in order to avoid representativeness errors, we only show the result of GNOS GPS. Figure 10 shows the statistical results of the mean and standard deviations of refractivity between GNOS GPS and ECMWF reanalysis in different latitude bands. The specific values of mean and standard deviations are shown in Table 4 . In the Northern Hemisphere, the curves are more smooth than those in the tropics and in the Southern Hemisphere. In the tropics, more obvious negative and positive biases are found in the lower troposphere, with the largest being −2 % of bias and 4 % of standard deviation. The error characteristics in this zone are expected to some extent. The conditions in the tropics are more challenging for both NWP models and RO than in the extra tropics. Hence, GNOS GPS and the reanalysis may jointly contribute to their discrepancies. For GNOS GPS, the greater bias and standard deviation in the tropics, especially below 5 km, are related to moist atmosphere, which contributes to the multipath effect (Hajj et al., 2004) . Above ∼ 15 km, which is the height of the top troposphere to the low stratosphere, the curves exhibit a fluctuant structure. When compared with ECMWF reanalysis, the curves in both Figs. 10b and 6 show a fluctuant structure in the range of 15-30 km, demonstrating that COSMIC, MetOp/GRAS, and GNOS experienced the same feature (the contribution of the fluctuation in GNOS can be mainly attributed to occultations in the tropical areas). This may be attributed to the lower vertical resolution of ECMWF reanalysis used in this work, which cannot show more details than RO data. Therefore, in the 15-30 km range, there is a dif- ference between the ECMWF reanalysis and RO data. With high vertical resolution, RO data could show more vertical details than ECMWF reanalysis, especially at the height of the tropical cold-point tropopause, and could express the potential for measuring gravity waves (Alexander et al., 2008) .
In addition to different latitudes, we evaluated the deviation of GNOS GPS from the ECMWF reanalysis in winter and summer. This is based on the data for the months of December 2013 and August 2014, to examine the different performances in cold and dry conditions as well as in warm and wet conditions. From the result of the former part, the bias of GNOS BDS occultation is more sensitive to moist atmosphere without open-looping tracking. Hence, only GNOS GPS occultation is analysed in terms of seasons. However, the bias and standard deviations of GNOS GPS for the months of December and August are not substantially different from each other, and therefore, the graph is not shown in this work.
Conclusions and outlook
The main purpose of this study is to preliminarily evaluate the post-launch performance of GNOS/FY3C. The operational NRT refractivity product of GNOS is compared with the ECMWF reanalysis, as well as the MetOp/GRAS and COSMIC. The results show that the mean bias and standard deviation of refractivity between GNOS GPS (BDS) and ECMWF reanalysis are about −0.09 (−0.04) and 1.81 % (1.26 %), respectively, from the near surface to the altitude of 46 km. The MetOp/GRAS and COSMIC RO data compared with ECMWF reanalysis are also presented for reference.
The results demonstrated that GNOS performs similarly to MetOp/GRAS and COSMIC in the 0-30 km range. As to the different latitude bands, GNOS GPS shows less mean bias and standard deviation in extratropical areas, exhibiting better consistency with ECMWF reanalysis in the Southern and Northern Hemisphere than the tropics, which experience more complicated atmospheric conditions. When separating into the setting and rising occulted modes for GPS and BDS, there is an obvious discrepancy with and without openloop tracking for the rising occultations in the lower troposphere. As a new member of the space-based RO sounder, GNOS/FY-3C can provide the refractivity profile product to the community with satisfactory accuracy below 30 km, with slightly larger standard deviations compared with COSMIC and MetOp/GRAS above 30 km. These deviations are probably dominated jointly by the effect of retrieval errors, such as ionospheric error, and observational errors relating to lower SNR. More work related to both GNOS GPS and GNOS BDS needs to be conducted to better examine their error characteristics. Using higher vertical resolution products as references would be preferable for future works. There is also a need to quantitatively diagnose the effect of the absence of voluntary signal degradation on B2. Further studies would focus on the performance of GNOS in the middle and upper stratosphere.
